ARSI'RACX: Graphite/epony pancls with S-glass buffer strips ivcre tested in tension and shear to measure their residual strengths with crack-like damage. The buffer strips were regularly spaced narrow strips of continuous S -g l a~~. Panels were made with a uniweavc graphite cloth where the S-glass buffcr matcrial tias \ w e n directly into the cloth. Panels were made with diffcrcnt width and thickness buffer strips. The panels \\.en: loaded to failure while remote strain, stnin at the cnd of the slit. and cnck opening displacement were monitored. The notched region and nearby buffer strips were radiographed periodically to reveal crack growth and damage.
INTRODUCTION
DVANCED COWOSITES ARE very attractive materials for use in aircraft struc-A tures because of their high specific strengths and moduli. Unfortunately. the conimon graphitelepoxy systems behave in a brittle fashion; and thus, panels with damage (holes o r cracks) have much lower strengths than undamaged panels. Hybrid composites (composite laminates with ~H O or niore fiber types) and buffer strip panels (panels with discrete regions of hybrid composite) have higher damage tolerance characteristics than all-graphite system [1,2] because of the mix of fibers with high and low failing strain. Unfortunately, the hybrids are usually heavier than the all-graphite system, and the stiffness may be much lower than the all-graphite laminate. section of a typical,buffer strip and panel. The strips are spaced across the width of the panel. Because the cross-sectional area of the buffer strips is small, the weight and stiffness of the panel are not appreciably affected by the dense. low modulus buffer material. The damage tolerance of the panel is improved because cracks propagating froni damage are arrested by the buffer strips and the panel carries additional load before hiling. The cracks are arrested because the modulus of resilience or toughness of the S-glass and Kevlar fibers is greater than that of the graphite fibers [I] . Usually delaminations and matrix cncks develop in the buffer strips ahead of the arrested cracks which elevates the residual strength even more [3] .
The buffer strip panels reported in [I] were made using prepreg tape. The manufacturing cost \\as high because each strip of buffer material had to be individually placed into the laminate. The results reported in this papcr are for panels made using a unidirectional w a v e cloth (41. These panels ivere much cheaper to manufacture because the buffer material was incorporated into the cloth using a textile weaving process; thus, no additional labor \\as required to make the panel.
The objective of this paper is to compare the strengths of panels made out of uniweave cloth to those of panels made from prepreg tape. Also, several panel configurations were investigated which were not investigated in Reference [I] , and a few panels were tested in shear. Panel strengths are compared to predictions from a shmr lag analysis [I] .
EXPERIRIENTAL PKOCEDUKES

Materials and Specimens
The specimens were made with T3009' graphite and S-1014@' glass uniweave cloth. Details of the cloth, test specimens, and curing procedures are given in Reference [4] . Figure 3 shows a sample of the cloth with the S-glass woven periodically into the cloth to form the buffer strips. The cloth had 95 percent of the fibers in the warp direction and 5 percent in the fill direction. The fill fibers were also S-glass. Three buffer strip configurations w r e woven into the cloth. The first configuration had one layer of S-glass fibers (h,/h. = 1) with various widths; the second had trio layers of S-glass (see Figure 2 , / i b / / f o = 2) which were 6.4 mm wide; and the third had four layers of S-glass (/ib//io = 4) which were 3.2 mm wide. Thus, sonic buffer strips had the same cross-sectional area of S-glass. but different widths and thicknesses. The spacing from centerline to centerline of the buffer strips was 64 mm in all cases.
Tension and shear panels were manufactured using the uniweave cloth. Figure  4 shows sketches of typical tension and shear panels and Table 1 lists laminates, buffer strip geometry, and the plics containing buffer material. All of the tension panels were 250 mm wide and 500 mm long. The shear panels were square panels 305 mm on a side. The tension panels had a quasi-isotropic lay-up and most had buffer material that was in only the 0" plies. One group of tension panels had buffer strips in all plies. All panels were 16 plies thick except one group of tension panels which \\as 48 plies thick. The shear panels w r c quasiisotropic and cross-plied. All of the shear pancls had buffer material in the 0" and 90" plies. Table I shows the number of panels tested for each configuration. Slits between 5 mm ,and 44 mm long \verc machined into the center of each specimen to simulate damage. A sheet, made with the all-gnphite cloth with the stacking sequence [45/0/ -45/90]2s. was cut into tensile and fracture coupons. The layout of the sheet is shown in Reference [4] . Elastic properties and tensile strengths were determined from tests on the coupons. The fracture properties were determined from coupons which had central slits behveen 8 mm and 51 mm long. For reference, average properties from these tests arc given in Table 2 .
Test Procedures and Equipment
Both tension and shear panels were loaded to failure at about 500 N/sec in a servo-controlled, closed-loop testing machine. Load, strain, and cnck-opening displacement (COD) of the slit were recorded using a digital data acquisition system. Periodically during the tests the loading was stopped, and the region around the slit was radiographed to reveal damgc at the ends of the slit. An X-ray opaque dye, zinc iodide, was used to enhance the image of the damaged areas.
The shear panels tvcre tested in a picture frame shear fixture designed to minimize the stress concentrations at the corners of the specimen [ 5 ] . The shear panels, which were 16 plies thick, were thin and could buckle before the slit could initiate fracture. Thus aluminum guide plates were used to constrain the panel from buckling. Two types of plates were used: the first covered the entire panel and the sccond had a central opening large enough to uncover the area around the slit and the two adjacent buffer strips. The opening facilitated radiographic examination while under load.
RESUL'IS AND DISCUSSION
The results of all tests are presented in Table 1 in terms of strain instead of stress so that data can readily be compared for different laminates and test types. The stress-strain response of all the specimens was linear clastic, so stress can be calculated by multiplying strains times the elastic modulus reported in Table 1 . Figure 5 shows results which illustrate the basic behavior of the buffer strip panels. The fracture analysis c u n t is for the all-graphite laminate with no buffer strips, and it comes from a fracture analysis for composites developed by Poe [6] (see Appendix). The net strain curve is an upper limit for failure representing notch insensitive behavior of the laminate, i.e.
Tension k n e b
The analysis by h e is based on linear elastic fracture mechanics and includes the effects of laminate configuration and fiber ultimate strain. Typically, the correlation between the fracture analysis and experimental results from center-notchcd fracture coupons is excellent for all laminates that do not develop large amounts of noncritical matrix damage at the crack tips. Failing strains for laminates that exhibit large amounts of damage at the crack tips are greater than the prediction because the damage acls to relieve the stress concentrations in the fibers [3]. Figure 5 shows that the fracture analysis accurately predicted the strain at which the cracks propagated in the buffer strip panels. Similar data in References [I] and [2] for buffer strip panels and fracture coupons all fell on or above the prediction. Figure 5 shokrs the fracture was not arrested by the buffer strips in the panel with the 13 mm slit, and the panel failed at the fracture initiation strain. The buffer strips arrested the propagating crack in the panels with 25 mm and 44 mm slits. The panels with arrested cracks were then able to bear additional load, and both failed at nearly the same far-field strain. Figure 6 shows radiographs of the panel with the 25 mm slit. The radiographs show the region around the slit and the two adjacent buffer strips; the hourglass shaped object in the center of the picture is the COD gage and fixture for the COD gage. The ndiographs were made just beforc fncture initiation and just after fracture arrest. The second radioglaph clearly show the crack extending into the buffer strips with substantial delamination in the buffer strip at the end of the crack. Fracture and arrest were also indicated by a sudden increase in COD and stnin in the buffer strips. Typically, the buffer strips will arrest cracks that propagate at stnins below the remote failing strain of a panel with an arrested cnck. There is a small dynamic effect that may prevent crack arrest when the strain is just below the failing strain of a panel with an arrested crack. This is probably the reason the crack did not arrest in the panel with the 13 mni slit (Figure 5 ) even though the strain was about 8 percent below the failing strain of the panels with arrested cncks. Figure 7 shows the average remote failing strain for all the various tension buffer strip panels with arrested cracks. Also shown is the remote failing strain for an all-graphite panel with no buffer strips and for buffer strip panels madc with prepreg tape [I] . First, the figure shows that the failing strain of buffer strip panels with arrested cracks was much higher than the failing strain of an allgraphite panel with a slit the same length as the buffer strip spcing (top bar). Second, the figure shows that buffer strip panels made from unincave cloth failed at about the same strain as panels made with prcprcg tape. And third, the figure shows that varying the buffer strip width and thickness significantly changed the failing stnin of the panels. Considering only the results for panels with buffer material in the 0" plies, the results show that increasing the width of the buffer strip while holding the thickness constant incrcawd the failing stnin. Considering groups of panels with the sanic width buffer strips, the panels with /ib//i., = 2 or 4 had higher failing strains than panels with / i b / / i o = 1. The dominant parameter, however, w s buffer strip width because the failing strain of panels with the thickest buffer strips was less than that of panels with the widest (12.7 mm) buffer strips. Finally, thc panels with buffer material in every ply failed at the highest strain. In fact, thc panels failed when the strain in the net section (section taken parallel to and through the crack) reachcd the ultimate failing strain of a 0" graphite ply. Figure 8 shows remote strain versus crack length data for the panels with buffer material in every ply. Thc panel with the 5 m m slit failed with no arrest at the same strain as the tivo panels which arrested. Interestingly, the strains at which the fractures initiated in the three panels are much higher than those predicted by the fracture analysis. For the panels with buffer material only in the 0" plies 
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( Figure 5) . fractures initiated at strains about equal to those predicted by the analysis. This suggests that the additional buffer strips changed the strcss state around the slits. Figure 9 shows radiognphs of a panel with buffer strips in every ply.
The radiograph taken before initiation shows a large area of delamination cxtcnding from the ends of the slit. The radiograph taken after arrest shows an even larger delamination area extending into the buffer strips. The delaminations in this panel are much larger than in the panels with buffer material in only the 0" plies ( Figure 6 ). References [2] and [7] showed that delaminations increased the fracture strength of composite laminates by reducing the stress concentration in the fibers near the end of the slit. Thus, the higher strains should bc cxpccted for fiacturc initiation in the panels with buffer strips in every ply due to the large delaminations seen in the radiographs. Rcmote strain plotted versus crack length is shown in Figure 10 for the 48 ply tension panels with 12.7 mm widc buffer strips. Also shown for comparison arc data from thc 16 ply panel with 12.7 mni widc buffer strips. The figurc shows that the fracture initiation strains and failing strains of the 48 ply panels were slightly lower than those of the 16 ply panels. Also the fricture initiation strains for all the panels were wry close to the strain prcdictcd by the fracture analysis. A study of thick laminates [8] showed that fracture strains of thick laniinatcs were snialler than those of thin laminates because the dclaniinations and axial splits at the end of the slit in a thick laminate were m a l l and confined to the plies near the surfaces.
Analjsis
A shear-lag model \\r;ts developed in Reference [I] to predict the strcngth of buffer strip panels. The model accounted for the effects of buffer strip spacing, thickness, width, and niatcrial. as \wll as axial splits in the buffer strip, and constraint plies (plies other than the 0" plies). The analysis assunicd panel failure when the first fiber in the buffer strip next to the crack fails. .' choosing the shear-lag parameters so that the analysis correlated with the data from Reference [l] . The analysis did not explicitly model the damagc in the buffer strip. Even though the shear-lag model did not explicitly model the damage, the shear-lag parameters were chosen to correlate with data from panels with damage. The shape of the curve is based on the mechanics in the model and is not a parameter. Only the data from the panels made with tape and from the uniweave panels with 12.7 mm wide buffer strips plies correlated well with the prediction. The data from the uniweave panels with 6.4 mm and 3.2 mm buffer strips were below the predicted curve. Figure 11 , as did Figure 7 . shows a substantially lower failing stnin of panels with narrow buffer strips than panels with wide buffer strips.
The poor correlation for the data from panels with narrow buffer strips is due to the failure model assumed by the shear-lag model. The shear-lag model predicted panel failure when the first fiber in the buffer strip next to the crack failed. Howevcr, the panels with narrow buffer strips failed when the stnin in the graphite fibers on the side of the buffer strip opposite the crack failed. Figure 12 shows strain data from a strip gage (13 strain gages spaced 2.03 mm on center) mounted over the buffer strip beyond the end of the slit. Strain is plotted versus distance from the center of the panel. Data shown arc from just before the fracturc initiated, just after arrest, and just before failure. The data taken just after arrest shows a sudden increase in strain in the buffer strip. The strains outside the buffer strip did not change much when the crack ran and arrested. The erratic strain readings in the region of the buffer strip are due to a delamination that formed between the outer 45" ply and thc adjacent 0" ply. The delamination formed when the crack arrested. After the cmck was arrested and the load w s increased, thc delamination continued to grow across the buffer strip until it mached the outer edge of the buffer strip. When the delaniination reached the outer edge of the buffer strip the panel failed. Figure 12 shows that, just before failure, the strain just beyond the buffer strip \\as 0.01 which is the failing strain of a 0" graphite ply. It is likely that the panel failure began in the 0" plies of graphite just beyond the buffer strip and not in the buffer strip. The shear-lag model did not predict failure based on the graphite fiber but predicted failure based on the first fiber in the buffer strip adjacent to the cnck. Without matrix damage, the strains in the buffer strip drop off sharply with distance from the crack and the failure of the panel will not begin in the graphite except for very narrow buffer strips. With damage, the stress concentration in the buffer strip is lowered, and it is possible to fail the adjacent 0" graphite before failing the buffer material. For wide buffer strips, the damage did not grow across the buffer strip before overloading the S-glass fibers.
Shear Pmels
Because fracture is controlled primarily by a lension stress field (mode I), a shear panel can be analyzed as a tension panel with an equal compressive stress applied transversely. For this mason, the slits in the shear panels were oriented .om
perpendicular to the direction of the maximum tensilc stress. The shear panels behaved like the tension buffer strip panels: the buffer strips arrested fractures that initiated from the slit and additional load was required to fail the panels. the sum of the y-direction strains in the tension and compression panels. Thus, the critical far-field longitudinal strain in the shear panel is
where c,' is the critical far-field longitudinal strain in an infinite sheet loaded in uniaxial tension perpendicular to the crack, and 6,' is the far-field longitudinal strain in an infinite sheet loaded in compression parallel to the crack. For specially orthotropic laniinates with E, = E,, the critical shear stress is related to the longitudinal strain by transforming the extensional strains to the principal shear strain state and thus where GB,y, is the effective shear modulus of the sheet in the X'J' coordinate system (see Figure 4) . Combining Equations (2) and (3) gives in terms of the fracture strain of the uniaxial sheet and substituting Equation 
Finally using Equation (4). where E; is the predicted far-field failing strain of an infinite orthotropic sheet with a crack under uniaxial tensile load [6], the curve in Figure 13 is obtained. Figure 13 shows that the fractun: initiation strains were below those predicted by the analysis. As mentioned previously, data from tests usually fall above or on the prediction. Data which coincides with the prediction usually has little damage at the ends of the slit. Data which falls below the prediction indicates that the specimens are failing by a different mode or extrinsic loads. For these panels, the low fracture initiation stresscs may bc due to out-of-plane deformation (mode 111) caused by the compressive stress parallel to the slit. The shear panels were constrained from buckling and test rcsults showed that the failing strain depended on the degree of Constraint around the crack. The ttvo panels with the lowest failing strains (Figure 13 ) had constraint plates with cutouts around the slit and adjacent buffer strips so that radiographs could be made under load. The panel with the highest failing strain had constraint plates with no cut-outs. Observation during testing suggested that once the crack had arrested, the damage grew, under additional load, as a local buckling failure in the unconstrained region and finally failed due to the cornpressivc stress. Figure 15 shows a failed shear panel which was partially constrained. The compression failure started from the inside of the buffer strips adjacent to the slit, progressed parallel to the buffer strips in the unconstrained region, and at failure propagated under the constraint plates to the edge of the specimen. Failure of the fully constrained panels H~S similar except there was no stable growth of damage parallel to the buffer strips. The difference in the damage of fully constnined and partially constrained panels suggests that the fully constrained pancls failed due to tensile fracture of the panel. Figure 16 compares measured failing strain from the shear tests with predicted failing strain from the shear-lag model. The prediction was obtaincd by substituting the predicted failing strain of a tension panel (Figure 11 ) into Equation (5).
The shear-lag model, which accounted for damage in the buffer strip, overpredicted the failing strain of the fully constrained panels which S U~~C S~S that there was less delamination and axial splitting in the shear panels than in the tension panels. Figure 17 shows radiographs of a tension and a shear buffer strip panel with arrested cracks. The radiographs were made near the failing strains of the panels. The radiograph of the tension panel shows that a delamination region has formed over the entire width of the buffer strip. As discussed earlier, such damage reduces the stress concentration in the 0" fibers and elevates strength. No such delamination region developed in the buffer strips of the shear panel. This indicates that the combined loading suppressed the delamination growth in thc buffer strip, which of course reduced the strength.
The failing strain of the [0/90], panels were much lower than the failing strains of the [0/45/901-45],, panels. Reference [6] predicts that failing strains of allgraphite (0190) type laminates should be about two thirds that of (01 *45/90) type laminates. The failing strains of buffer strip panels shown in Figure 16 are in about the sanie proportion.
As mentioned previously, the shear panels w r e constrained to prevent buckling and thus to eliminate the influence of buckling or post-buckling on the fracture results. Hmever, in design, panel buckling must be addressed. For the quasi-isotropic panels tested in shear, the critical elastic buckling stress was determined from Reference [9] where K, = 15 and is the boundary condition correction factor and L, = 305 mm and is the length of a side of thc pancl. Using Equations (6) and (8) . Figure   18 shows the ratio of ~1 * .~. to 7:,,,, versus panel thickness for plain panels with various slit lengths and for a panel with 12.7 nim wide buffer strips and an arrested cnck. The figure shows that for panels with realistic thicknesses (48 plies is 7 mm) shear panels may be fracturc critical. For larger slits or damage, panels are more likely to fail due to fracture. In contrast, a buffer strip panel is more likely to fail due to buckling because the buffer strips elevate the fracture stress. It must be emphasized that an elastic buckling analysis was used to obtain Figure  18 and the post-buckling behavior has not been taken into account. Post-buckling will alter the results shown in the figure because the post-buckled panel strength is greater than the elastic buckling stress.
coscLusIoxs
The fracture behavior of buffer strip panels \\as studied. The panels were riiadc with a uniweave graphite cloth, where the S-glass buffer strips ucre woven into the cloth. Panels were tested in tension and shear. Specimens were loaded at a constant rate while far-field strain, strain in the buffer strips, and COD were measured. From the tests and a shear-lag model for buffer strip pancls, it w a s concluded that: 1. Tension buffer strip panels made from uniweave graphite cloth had about the same failing strain as buffer strip panels made from prepreg tape. The buffer strips arrested the cracks, and the failing strain (or strength) was much higher than the failing strain of all-graphite panels with similar damage. 2. Buffer strip panels tested in shear arrested cncks like panels tested in tension. 3. Buffcr strip geometry significantly affected the failing strain of panels with arrested cracks. Panel strengths increase with both buffer strip width and buffer strip thickness. For panels with narrow buffer strips, strain measurements showed the panels failed when the strain in h e graphite just beyond the buffer strip reached the failing strain of 0" graphite. Panels with wide buffer strips failed when the buffer strips failed. 4. Panels with buffer material in every ply had the highest strength and were notch insensitive (net section stress equals the tensile ultimate strength).
5.
The shear-lag model predicted the failing strain of tension panels with wide buffer strips accurately. The model overestimated the failing strain of tension panels with narrow buffer strips because the failure mode in the panels was different than the failure criterion used in the model. The model overestimated the failing strain of the shear panels also. The discrepancy was attributed to the size of the damage region in the buffer strips. Cartesian coordinates 1,2 coordinates pardllel and perpendicular to fibers
APPENDIX
The analysis in Reference [6] was developed to predict the notched strength for any laminate orientation. The panels tested herein were 0" ply dominated, and thus the analysis simplified considerably. From Rcfcrence [6] , the strains at the crack tip in mode I loading for a 0" ply are Assuming that the laminate fails when the axial strain parallel to the fibers in thc principlc load carrying laminae becomes critical, then c, d%r will be a constant at failure which leads to (A21 wherc Q. is defined as a general fracture toughness parametcr. h c [6] showed that for a large class of laminatcs Thus, using Equations (A2) and (A3) fracturc strains of laminates under uniaxial loading can be predicted from
